Ocular infection with herpes simplex virus (HSV) results in a blinding immunoinflammatory stromal keratitis (SK) lesion. Early preclinical events include polymorphonuclear neutrophil (PMN) infiltration and neovascularization in the corneal stroma. We demonstrate here that HSV infection of the cornea results in the upregulation of the cycloxygenase 2 (COX-2) enzyme. Early after infection, COX-2 was produced from uninfected stromal fibroblasts as an indirect effect of virus infection. Subsequently, COX-2 may also be produced from other inflammatory cells that infiltrate the cornea. The induction of COX-2 is a critical event, since inhibition of COX-2 with a selective inhibitor was shown to reduce corneal angiogenesis and SK severity. The administration of a COX-2 inhibitor resulted in compromised PMN infiltration into the cornea, as well as diminished corneal vascular endothelial growth factor levels, likely accounting for the reduced angiogenic response. COX-2 stimulation by HSV infection represents a critical early event accessible for therapy and the control of SK severity.
phosphate coprecipitation, and progeny virus with EGFP driven by the native gC promoter were identified by fluorescence and plaque purified, and the insert was confirmed by Southern blot analysis. The virus was propagated and titrated on a monolayer of Vero cells (American Type Culture Collection [Manassas, VA] catalog no. CCL81) by standard protocols (34) . Infected Vero cells were harvested, titrated, and stored in aliquots at Ϫ80°C until used.
Corneal HSV-1 infection. Mice were ocularly infected with HSV-1 RE (5 ϫ 10 5 PFU for BALB/c mice and 5 ϫ 10 6 PFU for C57BL/6 mice) under deep anesthesia induced by intraperitoneal injection of Avertin (Sigma-Aldrich, St. Louis, MO). Mice were lightly scarified on their corneas with a 27-gauge needle, and a 4-l drop containing the required dose of virus was applied to the eye and gently massaged with the eyelids.
Clinical observations and angiogenesis scoring. The eyes were examined on different days postinfection (p.i.) by a slit-lamp biomicroscope (Kowa Co., Nagoya, Japan), and the clinical severity of keratitis of individually scored mice was recorded as described previously (3) . Briefly, the clinical lesion score of SK was used as follows: 0, normal cornea; 1, mild haze; 2, moderate haze, iris visible; 3, severe haze, iris not visible; 4, severe haze and corneal ulcer; and 5, corneal rupture. Angiogenesis severity was measured as described previously (10) . According to this system, a grade of 4 for a given quadrant of the circle represents a centripetal growth of 1.5 mm toward the corneal center. The score of the four quadrants of the eye was then summed to derive the neovessel index (range, 0 to 16) for each eye at a given time point.
Administration of COX-1 and COX-2 inhibitors. For COX inhibition experiments, BALB/c and C57BL/6 mice were treated with COX-1 inhibitor SC-560 [5-(4-chlorophenyl)-1-(4-methoxyphenyl)-3-trifluoromethylpyrazole; 10 mg/kg/ day; Upjohn and Pharmacia, a division of Pfizer] and COX-2 inhibitor SC-236 [(4-[5-(4-methylphenyl)-3-trifluoromethyl)-1H-pyrazol-1-yl]-benzenesulfonamide; 10 mg/kg/day; Upjohn and Pharmacia, a division of Pfizer] or vehicle (0.5% methylcellulose-0.025% Tween 80 [Sigma] ) by gavages. The treatment was started a day before corneal infection and continued until day 10 p.i. These doses were recommended by the manufacturer as being selective for effective inhibition of COX-1 and COX-2 and have been used previously (18, 24) .
In vitro stimulation of a murine stromal fibroblast cell line with various recombinant murine cytokines. For stimulation of a murine stromal fibroblast cell line (MKT-1; kindly provided by W. Kao, Department of Ophthalmology, University of Cincinnati, Cincinnati, OH), 10 5 cells/well were grown for 48 h in a six-well plate containing 10% fetal calf serum-Dulbecco modified Eagle medium. After 48 h of growth, the cells were finally washed and stimulated with various concentrations of recombinant IL-1␣, IL-1␤, tumor necrosis factor alpha (TNF-␣), IL-6, IL-18, gamma interferon, IL-2, and vascular endothelial growth factor (VEGF) in serum-free Dulbecco modified Eagle medium for 24 h. After stimulation, total RNA was extracted and stored at Ϫ80°C until further use. Lipopolysaccharide (Sigma) was used as a positive control, and medium alone was used as negative control.
For stimulation of murine corneal epithelial cells, a primary epithelial cell culture was established as described previously (6) . Flow cytometry analysis with anti-K-12 antibody (corneal epithelial cell specific marker) revealed Ͼ90% purity. The primary culture was stimulated with different doses of recombinant murine IL-1␤ (R&D System) for 24 h. Lipopolysaccharide (1 g/ml) and medium alone were used as positive and negative controls, respectively.
Corneal micropocket assay. The murine corneal micropocket assay was done as described previously (19) . Various doses (50 and 200 ng) of recombinant murine IL-1␤ (R&D systems) were added to these pellets before insertion into corneal pockets (four BALB/c eyes per group). In some experiments, mice were treated with COX-2 inhibitors before the corneal micropocket assay was performed. Angiogenesis was quantitated at day 3 postimplantation under stereomicroscopy, as described previously (42) .
Neutrophil depletion. Clone RB6-BC5 was kindly provided by E. Balish (University of Wisconsin Medical School, Madison, WI) with the permission of R. L. Coffman (Pharmingen, San Diego, CA). The cells were grown in RPMI 1640 with 10% fetal bovine serum. Hybridoma cells were injected intraperitoneally (5 ϫ 10 6 cells/mouse) into BALB/c nude mice. Ascitic fluid was collected, centrifuged at 400 ϫ g for 15 min, pooled, and stored at Ϫ20°C until ready for use. Delipidized ascitic fluid containing rat immunoglobulin G2b (IgG2b) antibodies to HLA-DR5 (clone SFR3-DR5; American Type Culture Collection) was used as an isotype control. The ascitic fluids were titrated for the antibody content by using an indirect enzyme-linked immunosorbent assay (ELISA) as described previously (24) . BALB/c mice were administered 500 g of anti-Gr-1 antibody intraperitoneally on day 3 before and day 1 after treatment with HSV-1 RE on the cornea. Control mice were treated similarly with rat anti-HLA DR5 antibody. Flow cytometry of peripheral blood revealed 100% depletion of Gr-1 ϩ cells in depleted mice.
Histopatholgy. For histopathologic analysis, eyes from BALB/c mice were extirpated at day 20 p.i. and fixed in 10% buffered neutral formalin. Staining was performed with hematoxylin and eosin (Richard Allen Scientific, Kalamazoo, MI).
Immunohistochemistry and immunofluorescence staining. For immunohistochemistry, eyes from BALB/c mice were enucleated at the indicated time points and snap-frozen in OCT compound (Miles, Elkart, IN). Six-micron-thick sections were cut, air dried, and fixed in acetone-methanol (1:1) at Ϫ20°C for 10 min. Endogenous peroxidase activity was blocked with a 50% alcohol solution containing 0.3% hydrogen peroxide for 15 min, and sections were blocked with 3% bovine serum albumin -phosphate-buffered saline. For detection of COX-2, goat anti-Cox2 (M-19) (Santa Cruz Biotechnology, Santa Cruz, CA) was diluted 1/100 and incubated for 1 h at room temperature. Sections were then treated with rabbit anti-goat IgG biotinylated antibody (1/200; Vector Laboratories, Burlingame, CA), followed by horseradish peroxidase-conjugated streptavidin for 45 min (1/1,000 dilution; Jackson Immunoresearch Laboratories, West Grove, PA) and 3,3Ј-diaminobenzidine substrate (Biogenex, San Ramon, CA) and counterstained with hematoxylin (Richard Allen Scientific, Kalamazoo, MI). Irrelevant biotinylated antibody was used as a negative control.
To detect intracellular COX-2 expression, single cell suspensions were prepared from eight corneas (BALB/c) infected with HSV-1 RE gc-GFP at 24 h p.i. The Fc receptors on the cells were blocked with unconjugated anti-CD16/32 (BD Pharmingen) for 30 min. Intracellular staining was performed as described before (4) . For detection of COX-2, goat anti-Cox2 (M-19) (Santa Cruz Biotechnology) was diluted 1/100 and incubated for 30 min. Sections were then treated with rabbit anti-goat IgG biotinylated antibody (1/200; Vector Laboratories, Burlingame, CA), followed by streptavidin Alexa Fluor 546 (Molecular Probes) for 25 min. The cells were thoroughly washed and spun down on microscopic glass slide by using a cytospin and mounted with Vectashield mounting medium for fluorescence (Vector Laboratories, Inc., Burlingame, CA) and visualized under a confocal microscope (Leica, Wetzlar, Germany).
ELISA of corneal lysate. For preparation of corneal lysates, six corneas per time point were pooled and processed as described previously (2) . Lysates were analyzed by a standard sandwich enzyme-linked immunosorbent assay (ELISA) protocol. Anti-IL-6 capture and biotinylated detection antibodies were from BD Pharmingen (clone MP5-20F3), and standard recombinant murine IL-6 (rmIL-6) was from R&D Systems (Minneapolis, MN). Anti-IL-1␣, anti-MIP-2, anti-VEGF, anti-IL-1␤, and anti-TNF-␣ capture, biotinylated detection antibodies and recombinant standards were from R&D Systems. The color reaction was developed by using 2,2Ј-azinobis(3-ethylbenzothiazoline-6-sulfonic acid diammonium salt) (Sigma-Aldrich) and measured with an ELISA reader (Spectramax 340; Molecular Devices, Sunnyvale, CA) at 405 nm. Quantification was performed with Spectramax ELISA reader software version 1.2.
Prostaglandin E 2 extraction and quantification was according to the manufacturer's protocol. Briefly, six corneas per time point were dissected under a microscope, dipped briefly in 100 M indomethacin in saline to stop prostaglandin synthesis and wash off excess blood, and placed in a homogenizer tube containing garnet beads and 0.5 ml of ethanol. The corneas were homogenized by using a tissue homogenizer (PRO Scientific, Inc., Monroe, CT). Protein precipitate was pelleted in a microcentrifuge, and the ethanol layer was removed to a clean tube. The ethanol was evaporated by vacuum centrifugation, the residue was redissolved in enzyme immunoassay buffer (Cayman Chemical, Ann Arbor, MI), and samples were analyzed for prostaglandin E2 (PGE 2 ) and leukotriene B 4 (LTB 4 ) by using an enzyme immunoassay kit (Cayman Chemical).
Flow cytometry. Single cell suspensions were prepared from four corneas (BALB/c) at 48 h p.i., as described previously (12) . The Fc receptors on the cells were blocked with unconjugated anti-CD16/32 (BD Pharmingen) for 30 min. Samples were incubated with fluorescein isothiocyanate-labeled anti-Gr-1 antibody (clone RB6-8C5; BD Pharmingen) and isotype controls for 30 min. All samples were collected on a FACScan (BD Biosciences, San Diego, CA), and data were analyzed by using CellQuest 3.1 software (BD Biosciences).
Reverse transcriptase-PCR. Total RNA from BALB/c corneas were extracted at different days p.i. by using Tri-reagent (Molecular Biology, Cincinnati, OH). Total RNA (1 g) was reverse transcribed by using murine leukemia virus reverse transcriptase (Life Technologies, Bethesda, MD) with oligo(dT) as the primer (Invitrogen, San Diego, CA). All cDNA samples were divided into aliquots and stored at Ϫ20°C until further use. PCR was performed in PTC-100 programmable thermal controller (MJ Research, Cambridge, MA) using Hot Start PCR master mix (Promega, Madison, WI). The primers used were murine GAPDH forward (CATCCTGCACCACCAACTGCTTAG) and reverse (GCC TGCTTCACCACCTTCTTGATG), murine IL-1␤ forward (CAACCAACAAG TGATAT) and reverse (GATCCAGAGTCTCCAGCTGCA), and murine
COX-2 forward (TTCGGGAGCACAACAGAGTG) and reverse (TAACCGC TCAGGTGTTGCAC).
Semiquantitative real-time PCR. Total RNA from four corneas per time point was extracted by using RNeasy RNA extraction kit (QIAGEN, Valencia, CA) according to the manufacturer's instructions. To generate cDNA, 1 g of total RNA was reverse transcribed by using murine leukemia virus reverse transcriptase (Life Technologies) with oligo(dT) as primer (Invitrogen) according to the manufacturer's instructions. All cDNA samples were divided into aliquots and stored at Ϫ20°C until further use.
Real-time PCR was performed by using a DNA Engine Opticon (MJ Research, Inc.). PCR was performed with SYBR Green I reagent (QIAGEN) according to the manufacturer's protocol. PCR amplification of housekeeping gene, murine GAPDH, was done for each sample as a control for sample loading and to allow normalization between samples. During the optimization procedures of the primers, 1% agarose gel analysis verified the amplification of one of the product of the predicted size with no primer-dimer bands. The absence of primer-dimer formation for each olignucleotide set was also validated by establishing the melting curve profile. The amplification efficiencies for COX-1, COX-2, gB, tK, and GAPDH were 1.89, 1.93, 1.79, 1.84, and 1.81, respectively. The semiquantitative comparison between samples was calculated as follows: the data were normalized by subtracting the differences of the threshold cycles (C T ) between the gene of interest's C T and the "housekeeping" gene GAPDH's C T (gene of interest C T Ϫ GAPDH C T ϭ ⌬C T ) for each sample. The ⌬C T was then compared to the expression levels of the vector control sample (sample ⌬C T -vector ⌬C T ). To determine the relative enhanced expression of the gene of interest, the following calculation was made: fold change ϭ 2 (sample ⌬CT Ϫ vector ⌬CT)
. The amplification cycle numbers for COX-1, COX-2, gB and tk were 40, 40, 36, and 40, respectively. The primers used were murine GAPDH forward (CATCC TGCACCACCAACTGCTTAG) and reverse (GCCTGCTTCACCACCTTCTT GATG), HSV polymerase forward (CCGTACATGTCGATGTTCACC) and reverse (ATCAACTTCGACTGGCCCTTC), HSV gB forward (CGTTTCGCAG GTGTGGTTC) and reverse (ATGTCGGTCTCGTGGTGC), murine COX-2 forward (TTCGGGAGCACAACAGAGTG) and reverse (TAACCGCTCAGG TGTTGCAC), and murine COX-1 forward (ACTCACTCAGTTTGTTGAGT CATTC) and reverse (TTTGATTAGTACTGTAGGGTTAATG). Statistical analysis. Unless specified otherwise, a one-tailed, paired Student t test was used.
RESULTS
Mice treated with COX-2 inhibitor demonstrated diminished SK severity and corneal angiogenesis after ocular HSV-1 infection. Mice (BALB/c and C57BL/6) were ocularly infected with HSV-1 RE and at different days p.i., and corneal levels of COX-1, COX-2 mRNA, and PGE 2 protein were measured by real-time PCR and ELISA, respectively. As demonstrated in Fig. 1C to F, infected animals showed higher COX-2 mRNA and PGE 2 protein levels at different days p.i. in comparison to naive cornea. The levels of COX-2 mRNA and PGE 2 protein were below the limit of detection in naive corneas. However, COX-1 mRNA was found to be constitutively expressed in naive corneas, and after HSV infection no significant (P Ͻ 0.05) increase in the expression level was observed (Fig. 1A  and B) . Although COX-1 and COX-2 mRNA were readily demonstrable in scratch control, PGE 2 protein levels were below the detection sensitivity level (Fig. 1A , B, C, D, E, and F). Taken together, these data indicate that corneal inflammation during the preclinical phase is associated with a prompt increase in the COX-2 expression, an enzyme essential for the synthesis of various proinflammatory prostanoids such as PGE 2 .
To elucidate the essential role of COX-2 in HSK pathogenesis, three groups of BALB/c (5 ϫ 10 5 PFU) and C57BL/6 (5 ϫ 10 6 PFU) mice were treated (till day 10 p.i.) with COX-2 inhibitor (SC-236), COX-1 inhibitor (SC-560) or vehicle, respectively. These mice were evaluated clinically for the development of SK following ocular HSV-1RE infection over a 20 days test period. As shown in Fig. 2A and B (BALB/c) and Fig.  3A and B (C57BL/6), mice receiving COX-2 inhibitor demonstrated significantly (P Ͻ 0.05) reduced SK severity compared to COX-1 inhibitor-treated mice and vehicle control. In addition, whereas 87.5% (BALB/c) and 62.5% (C57BL/6) eyes demonstrated clinically evident lesions (score of 3 or more), only 25% (BALB/c) and 12.5% (C57BL/6) COX-2 inhibitortreated eyes developed such lesions (Fig. 2C and 3C ). Attempts to infect mice with a higher virus dose were lethal, but still a few developed an SK score of Ն3 in COX-2-inhibitor treated mice (data not shown). Histopathologic analysis of representative eyes of vehicle and COX-1 inhibitor treated BALB/c mice revealed severe inflammatory changes and cellular infiltration in the corneal stroma at day 20 p.i. (Fig. 2D) . However, in mice treated with COX-2 inhibitor protein, only mild, inflammatory changes and cellular infiltrations were evident (Fig. 2D ).
In concurrence with lesion incidence and severity, marked differences were apparent in the average extent of angiogenesis in mice treated with COX-2 inhibitor and vehicle only after ocular infection with HSV-1 RE (5 ϫ 10 5 PFU for BALB/c and 5 ϫ 10 6 PFU for C57BL/6) at day 20 p.i. (Fig. 4A and B) . At day 20 p.i., 10 of 16 eyes (BALB/c) and 8 of 16 eyes (C57BL/6) of vehicle-treated mice had developed an angiogenesis score of Ͼ10 (Fig. 3A and C) . In marked contrast, no eyes of COX-2 inhibitor treated BALB/c and C57BL/6 mice developed equivalent scores ( Fig. 4A and B) . When the overall angiogenesis was compared in the groups of vehicle treated and COX-2 inhibitor-treated mice (BALB/c and C57BL/6), vehicle control mice showed three to four times (day 20 p.i.) more angiogenesis than COX-2 inhibitor-treated mice ( Fig. 4A and B) .
IL-1␤ induces COX-2 expression in murine cornea after ocular HSV-1 infection. To evaluate the cellular source of COX-2 at an early stage of virus infection, BALB/c corneas were infected with HSV-1-pgC-GFP. After 24 h p.i., corneas were isolated, and GFP ϩ (infected) and GFP _ (uninfected) corneal cells were sorted by fluorescence-activated cell sorting (FACS) and analyzed for COX-2 mRNA expression by realtime PCR analysis. Interestingly, uninfected corneal cells expressed significantly (P Ͻ 0.05) higher COX-2 mRNA in comparison to infected cells (Fig. 5A) . When stained for COX-2 protein, uninfected corneal cells (GFP Ϫ ) were stained positive for COX-2 at 24 h p.i. (Fig. 5B) . PCR of GFP Ϫ (uninfected) corneal cells revealed 3,000-to 4,000-fold less viral mRNA (gB, tk) compared to GFP ϩ (infected) at this time point (Fig.  5A) . Erroneous sorting could possibly miss some infected cells harboring few infectious viral particles at their early replicative cycle, thus having feeble GFP expression and escaping the segregation process, resulting in tK and gB expression in a GFP-ve (uninfected) population. In addition, we were able to demonstrate immunohistochemically that corneal stromal fibroblasts and a few corneal epithelial cells expressed COX-2 at 24 h p.i. (Fig. 5C) .
To rule out the possibility of neutrophils as a possible source of COX-2 at this time point, Gr-1-depleted BALB/c mice and control mice were ocularly infected with HSV-1 RE, and the COX-2 transcript level in the cornea was measured by using real-time PCR analysis. No significant difference in COX-2 mRNA level was observed between these two groups at 24 h (Fig. 5D ). In addition, we could find COX-2 expression in Gr-1-depleted corneal stroma after HSV infection, indicating the role of uninfected corneal resident cells as a major source of COX-2 at 24 h p.i. (Fig. 5D) . Additional experiments were carried out to detect the factors responsible for inducing COX-2 expression in corneal stromal fibroblasts after viral infection. Based on previous findings, potential candidates for inducing COX-2 were proinflammatory cytokines. Thus, a murine stromal fibroblast cell line was stimulated in vitro by various doses of proinflammatory cytokines known to be upregulated in murine corneas after HSV infection (IL-1␣, IL-1␤, TNF-␣, IL-6, IL-18, gamma interferon, IL-2, and VEGF). Interestingly, only IL-1␤ (in all of the doses used [ Fig. 6A] ) and TNF-␣ (only at the highest dose used [data not shown]) induced COX-2 mRNA expression at 24 h p.i. as revealed by reverse transcription-PCR. Semiquantitatively, real-time PCR analysis revealed a significant (P Ͻ 0.05) and a dose-dependent increase in COX-2 mRNA expression in IL-1␤-treated stromal fibroblast cells but not in corneal epithelial cells (Fig. 6A) . Hence, IL-1␤ produced as a consequence of corneal HSV infection (Fig. 6B ) may serve as a potential molecule to induce COX-2 and drive the early inflammatory process. Supporting this notion, we were able to demonstrate that administration of IL-1␤ in the murine cornea by micropocket assay resulted in a significant (P Ͻ 0.05) and dose-dependent increase in COX-2 mRNA level (Fig. 6C) . Blocking of IL-1␤ activity using IL-1 receptor antagonist transgenic mice resulted in a significantly (P Ͻ 0.05) diminished COX-2 mRNA and PGE 2 levels in murine cornea after ocular HSV-1 infection (Fig. 6D and E) . Diminished inflammatory response in mice treated with COX-2 inhibitor during the preclinical phase of HSK. Normally, after corneal HSV-1 infection, PMN infiltrate the corneal stroma at 48 h p.i (38) . However, in mice treated with COX-2 inhibitor and eventually showing a reduction in SK severity, the influx of PMN was severely compromised (Fig. 7) . As revealed by FACS analysis at 48 h p.i., there was an approximately five-to sixfold reduction in the number of PMN in COX-2-treated corneas in comparison to vehicle controls (Fig. 7) .
We reasoned that the scarce cellular influx in the treated group was a result of a block in the induction of proinflammatory cytokines and chemokines, as a consequence of impaired COX-2 activity. As demonstrated in Fig. 8 , indeed there was a significant reduction (P Ͻ 0.05) in IL-6, IL-1␣, MIP-2, and PGE 2 levels during the preclinical phase. However, no significant difference was observed in IL-1␤ and TNF-␣ levels at these time points (Fig. 8 ). Although the LTB 4 level was undetectable at day 1 p.i., there was no significant (P Ͻ 0.05) reduction at 3 and 7 days p.i. (Fig. 8) .
Compromised angiogenic response after ocular HSV infection in COX-2 inhibitor-treated mice. As stated above, groups of mice treated with COX-2 inhibitor showed diminished angiogenic responses in comparison to vehicle-treated controls. These mice when tested for corneal VEGF level during the preclinical phase, demonstrated significantly (P Ͻ 0.05) reduced levels of VEGF at 3 and 7 days p.i. compared to vehicle controls (Fig. 9A) . Previous studies in tumor systems demonstrated that IL-1␤ can induce VEGF production through upregulation of COX-2 and prostanoids (20) . To demonstrate the angiogenic activity of COX-2 induced prostanoids in murine corneas, different doses of rmIL-1␤ were administered by corneal micropocket assay, and the extent of angiogenesis was measured at day 3 postimplantation. Interestingly, IL-1␤ induced a dose-dependent angiogenic response (Fig. 9B) . In such eyes, COX-2 protein was readily detectable by immunohistochemistry around the pellet containing recombinant IL-1␤ protein (200 ng) in corneal stroma at day 4 postimplantation (Fig. 9C) . In addition, IL-1␤ (200 ng)-implanted eyes demonstrated a significant (P Ͻ 0.05) increase in the corneal PGE 2 and VEGF protein levels compared to pellet only at this time point (Fig. 9E) . Administration of COX-2 inhibitor in those mice resulted in a significant (P Ͻ 0.05) decrease in the angiogenic response (Fig. 9D ). This decrease in angiogenic response was associated with a reduction in corneal PGE 2 and VEGF protein levels in those corneas (Fig. 9E) .
DISCUSSION
This study focuses on the early events in the pathogenesis of the blinding immunoinflammatory lesion SK caused by ocular infection with HSV. We show that corneal infection with HSV results in the upregulation of COX-2, an enzyme that contributes to the inflammatory process in the corneal stroma, via upregulation of prostanoids. The likely source of COX-2, at least initially after infection, was corneal stromal fibroblasts stimulated by proinflammatory cytokines, such as IL-1␤, induced by HSV replication. The present study demonstrates, for the first time, a critical role of COX-2 for herpetic SK lesion development. Accordingly, selective inhibition of COX-2, but not COX-1, resulted in significantly milder disease and reduced corneal angiogenesis compared to control mice. This difference in disease phenotype was an indirect event and was shown to be the consequence of a compromised inflammatory and angiogenic response. Thus, our results imply that COX-2 plays an important role in the early inflammatory phase of HSV infection.
On the basis of immunohistochemical analyses, as well as neutrophil depletion studies, the early cellular source of COX-2 appeared to be stromal fibroblasts. However, it was not clear how the infection, which occurs in the epithelium (11), caused such a response in the stroma. Conceivably, cytokines released by infected epithelial cells represent the primary stimulus for COX-2 upregulation. The cytokine IL-1␤ represents the most likely candidate since it is produced early and, as shown by in vitro studies with stromal fibroblasts, may act as a potent stimulator for COX-2 expression. Others, too, have shown that fibroblasts stimulated by IL-1␤ strongly upregulates COX-2 (13, 27) . Moreover, blocking IL-1␤ by IL-1 receptor antagonist protein in vivo resulted in diminished COX-2 production. Whether virus itself or products derived from virus such as TLR9 stimulating viral nucleic acid also act as stimulants for COX-2 expression requires further investigation. sents a prominent early event after viral infection of the cornea (38, 39) . These responses both serve to control infection and also contributes to corneal neovascularization (38, 39) . The influx of PMN was significantly diminished in COX-2 inhibitor-treated animals, supporting previous observations that COX-2 via production of prostanoids plays an important role in PMN recruitment and activation. Such effects were observed in rheumatoid arthritis, dermatitis, periodontitis, and pancreatitis models (5, 28, 33) . How COX-2-induced prostanoids in the corneal stroma caused PMN influx remains unclear. Thus, whether the effect is direct or proceeds by the induction of other chemokines, such as MIP-2 (14) , that are known to be involved in PMN recruitment requires further evaluation. That the recruitment might be indirect finds support in a radiation-induced central nervous system inflammation model, wherein mice treated with a COX-2 inhibitor had lower levels of several cytokines and chemokines (21) . Once recruited to the stroma, PMN and macrophages themselves can serve as an additional source of COX-2-induced prostanoids at the inflammatory site (7, 16) . Accordingly, whereas the early source of COX-2 expression may be mainly from noninflammatory cells, the inflammatory cells themselves subsequently become the major source of COX-2. The respective roles of various cell types that produce COX-2 during the course of HSV infection are currently unknown but are under investigation in our laboratory. We anticipate that, early after infection, COX-2 produced from stromal fibroblasts facilitates the influx of PMN, which in turn now acts as an additional source of prostanoids, thus setting the stage for the chronic immunoinflammatory phase. Early PMN invasion also contributes to corneal pathology by FIG. 8 . Reduced levels of cytokines and prostanoids in the cornea of COX-2 inhibitor-treated mice. At the indicated time points, six BALB/c corneas/group were processed for measuring the IL-6, IL-1␣, MIP-2, and PGE 2 levels. Levels of IL-6, IL-1␣, IL-1␤, TNF-␣, MIP-2, PGE 2 , and LTB 4 were estimated from supernatants of corneal lysates of mice infected with 5 ϫ 10 5 PFU HSV-1 RE by an antibody capture ELISA as outlined in Materials and Methods. The results are expressed as means Ϯ the SD of three separate experiments (six corneas/time point). ❋, Statistically significant differences compared to vehicle control. Horizontal lines indicate levels of cytokines or prostanoids in scratch controls.
acting as a major source of angiogenesis factors (22, 31) and perhaps tissue-damaging factors such as nitric oxide (9) . Thus, in line with the minimal early PMN response noted in COX-2 inhibitor-treated mice, such animals showed a marked reduction in angiogenesis. One factor derived from PMN, as well as from other cell types involved in neovascularization, is VEGF (31) . We demonstrated that VEGF was significantly downregulated in COX-2 inhibitor-treated mice in comparison to control animals. It is not known how COX-2 induces VEGF production, but one mechanism could be via PGE 2 , a proangiogenic factor (15) , that can induce VEGF in some systems (20) . However, it is not clear whether this effect is direct or mediated by upregulation of other cytokines such as IL-6, IL-1, and chemokines containing E-L-R motifs. We are currently testing such notions in our HSV model.
Given its role in corneal angiogenesis and SK, COX-2 represents a logical target for therapy. However, caution may be warranted. Previous studies in an endotoxin-induced uveitis model have indicated that disturbance of the arachidonic acid pathway exacerbates this condition in COX-2-deficient mice (40) . This was caused by elevated LTB 4 and 5-LO metabolized from arachidonic acid via the lipoxygenase pathway. At least in our system we were able to demonstrate that inhibition of COX-2 was not associated with an increase in LTB 4 , thus justifying our approach in counteracting the corneal immunoinflammatory lesion with COX-2 inhibitors. Taken together, our results support the hypothesis that the inflammatory milieu and angiogenic stimuli created early after infection play an important role in HSV-induced ocular lesions. An important participant of this environment is COX-2-induced prostanoid synthesis. Blocking the effect of COX-2 by a specific COX-2 inhibitor abrogates the cascade of events were implanted in the corneal stroma of BALB/c mice by micropocket assay, and the extent of angiogenesis was measured at day 3 postimplantation as described in Materials and Methods. ❋, Statistically significant differences compared to pellet only. (C) rmIL-1␤ (200 ng) was implanted in the corneal stroma of BALB/c by micropocket assay, and at day 3 postimplantation frozen sections (6 m) of those implanted corneas were made. These sections were stained for COX-2 by immunohistochemistry as described in Materials and Methods. Diaminobenzidine was used as the substrate, and sections were counterstained with hematoxylin. Magnification, ϫ200. (D) rmIL-1␤ (200 ng) was implanted in the corneal stroma of COX-2 inhibitor-treated (BALB/c) and vehicle control mice (BALB/c) by micropocket assay. At day 3 postimplantation the extent of angiogenesis was measured as described in Materials and Methods. ❋, Statistically significant differences compared to vehicle control. (E) rmIL-1␤ (200 ng) was implanted in the corneal stroma of COX-2 inhibitor-treated and vehicle control mice (BALB/c) by micropocket assay. At day 3 postimplantation, six corneas/group were processed for measuring the VEGF and PGE 2 levels. The results are expressed as means Ϯ the SD of two separate experiments (six corneas/time point). ❋ and ❋❋, Statistically significant differences compared to the vehicle control and COX-2 inhibitor-treated groups. 
